Summary Little is known about the the signalling pathways driving the adenoma-to-carcinoma sequence in human colonic epithelial cells. Accumulation and activation of the src tyrosine kinase in colon cancer suggest a potential role of this oncogene in this early progression. Therefore, we introduced either activated src (m-src), polyoma-MT alone or combined with normal c-src in the adenoma PC/AA/C1 cell line (PC) to define the function and phenotypic transformations induced by these oncogenes in familial adenomatous polyposis (FAP) colonic epithelial cells. Functional expression of these oncoproteins induced the adenoma-to-carcinoma conversion, overexpression of the hepatocyte growth factor (HGF) receptor Met, but failed to confer invasiveness in vivo and in vitro, or to produce alterations in cell proliferation and differentiation. In contrast, PC-msrc cells became susceptible to the HGF-induced invasion of collagen gels and exhibited sustained activation of the pp6osrctyrosine kinase and Tyr phosphorylation of the 120-kDa E-cadherin, which was further increased by HGF Transcripts of HGF were clearly identified by reverse transcription -polymerase chain reaction (RT-PCR) and Southern blot in the parental and transformed PC cells, suggesting an autocrine mechanism. Taken together, the data indicate that: (1) experimental activation of src and PyMT pathways directly induces tumorigenicity and Met upregulation in a colon adenoma cell line; (2) HGF-activated Met and src cooperate in inducing invasion; (3) in view of the molecular associations between catenins and cadherin or the tumour-suppressor gene product APC, the cell adhesion molecule E-cadherin may constitute a downstream effector of src and Met.
Human colorectal carcinoma is the archetypal example of the multistage progression of cancerous transformation (Fearon and Vogelstein, 1990) . Most colorectal cancers arise from premalignant adenomatous polyps initiating the adenoma-to-carcinoma sequence, as evidenced by clinical classification and molecular genetics (Fearon and Vogelstein, 1990; Williams et al, 1990) . One of the hereditary forms of colorectal cancer is the familial adenomatous polyposis (FAP), an autosomal dominant inherited disease affecting 1 out of 5000 in the population. The candidate tumoursuppressor gene designated APC and located on chromosome 5q21 has been implicated in the development of FAP (Groden et al, 1991; Kinzler et al, 1992; Smith et al, 1993) . The APC gene product is a cytoplasmic protein located at the basolateral margins of the epithelial cells (Smith et al, 1993) . Recent studies indicate that APC binds to microtubules and adherens junctionassociated proteins called ax-and f-catenins (Rubinfield et al, 1993; Su et al, 1993; Smith et al, 1994) . It was speculated that APC and the cell adhesion molecule E-cadherin might act as tumour suppressors via competitive interaction with f-catenins (Frixen et al, 1991; Huilsken et al, 1994 ). E-cadherin also mediates heterotypic interactions between epithelial cells and intraepithelial lymphocytes. A majority of sporadic colorectal adenomas and carcinomas contained somatic mutations in the APC gene, even in the smallest adenomas less than 1 cm in diameter. Similarities in the character and distribution of the APC mutations in both adenomas and carcinomas from sporadic and hereditary lesions strongly suggest that APC mutations are a very early event, if not an initiating event, in the development of most common colorectal tumours.
The stepwise accumulation of genetic alterations in colon cancer involves many oncogenic defects, including activation of the membrane-bound pp6Oc-src tyrosine kinase, also considered as an early event in the cancerous progression (Cartwright et al, 1994) . Among the cellular targets of pp6oC-src were identified the P13 kinase, ras-GAP, PLCy, PP2A, Shc, raf, jun and Fra2 (Courtneidge, 1994; Suzuki et al, 1994) . Some of the oncogenic effects related to the activation of the pp6Oc-src kinase pathway are mimicked by the polyoma middle T antigen (Py-MT), the main transforming protein of polyomavirus. We demonstrated that Py-MT induced the tumorigenic conversion of the SV40 large Timmortalized rat intestinal cell line SLC-44 and enhanced the tumorigenicity of human colonic Caco-2 cells (Chastre et al, 1993) . In polyomavirus (Py)-transformed cells, pp6Oc-src kinase activity in enhanced by the binding of Py-MT to pp60-src (Courtneidge and Heber, 1987) . Middle T antigen increases the tyrosine kinase activity of pp6Oc-src by preventing phosphorylation of Y527 (Courtneidge and Heber, 1987) . Polyoma MT also binds the src family tyrosine kinases pp62c-es and pp62c-ftn, interacts with and stimulates the P13 kinase, PP2A, c-raf-1 and Shc (Courtneidge, 1994; Dilworth et al, 1994) . Moreover, the Py-MT pathways activate phospholipase Cy and members of the 14-3-3 protein family (Pallas et al, 1994) . Py-MT therefore mimics some of the intermolecular interactions and activation of signalling pathways controlled by activated growth factor receptors.
Despite the identification of a number of genetic and molecular alterations involved in colorectal carcinogenesis, relatively little is known on their specific role and their functional cooperation to confer the malignant and invasive phenotypes. In this context, the purpose of this study was to determine the potential oncogenic role of the src and Py-MT signalling pathways in adenomato-carcinoma conversion. For this purpose, the premalignant adenoma cell line, PC AA/C 1, derived from a FAP patient (Paraskeva et al, 1984) was transfected with a series of expression vectors encoding either the activated (Tyr527 -> Phe527) form of pp6Osr,, the Py-MT oncogene, the Py early region alone or combined with normal c-src. We therefore characterized the tumorigenic potential and the pattern of differentiation and proliferation of these transfected PC AA/C I cell derivatives. Since both APC and pp6Osr have been shown to be localized or associated with cell-cell adhesion effectors or cytoskeletal components, we investigated the invasive phenotype of the parental and transfected PC cell lines in relation to the expression of the receptor, tyrosine kinase Met, and its ligand hepatocyte growth factor / scatter factor (HGF/SF) as known effectors of invasion (Guan and Shalloway, 1992; Rubinfield et al, 1993; Rosen et al, 1994; Smith et al, 1994) . We also analysed the expression and phosphorylation status of the E-cadherin-catenin cell adhesion complex binding the tyrosine kinase substrate pl20" (Daniel and Reynolds, 1995) .
MATERIALS AND METHODS
Cell culture and human epithelial crypt preparation The human colonic PC AA/C1 cell line (Paraskeva et al, 1984; Williams et al, 1990 ) was designated as the parental PC cell line throughout this study. Parental and transfected PC cells were routinely grown at 37°C on collagen-coated Petri dishes (Costar), in Dulbecco's modified Eagle medium (DMEM) containing 4.5 g 1-1 glucose, 20% fetal calf serum, 8 mM L-glutamine, antibiotics, 0.2 ,tU ml-' insulin and 1 tg ml-' hydrocortisone under a watersaturated atmosphere containing 5% carbon dioxide and 95% air. Cells were passaged weekly when reaching confluency in a 1:3 split ratio using trypsin/EDTA. Specimens from patients who underwent surgery for FAP were obtained from the Centre de Chirurgie Digestive (Professor Parc, H6pital Saint-Antoine, Paris, France). Human colonic epithelial crypts were obtained from fresh samples (Emami et al, 1989 ).
Constructs and transfection
The retroviral vectors pLJ, kindly provided by Dr H PiwnicaWorms (Piwnica-Worms et al, 1987) , contain the selection marker neomycine-resistance gene and the polyoma virus early region alone (pLJ-Py) or combined with either the normal (pLJ-C-Py) or mutated Tyr-527 -e Phe-527 chicken src cDNA (pLJ-527-Py). We constructed the control vector pLJ-vect and the mutated (Tyr-527 -* Phe-527) chicken src expression vector pLJ-msrc by excision of the Py early region from the pLJ-Py and pLJ-527-Py vectors using ApaI. The Py virus early region encodes the small, middle and large T oncoproteins. The control vector, Homer 6, and the corresponding pHO6MTl vector recombined with the Py middle T oncogene were a generous gift from Dr D Spandidos (Chastre et al, 1993) . Transfections were performed using the lipofection method (Lipofectin Reagent, Gibco BRL). The G418-resistant colonies were selected using 500 gg ml-' geneticin for 2 weeks (Sigma).
The GTP/GDP ratio on p21 r-s in the parental and transfected PC cell lines was measured according to the method of Burgering et al (1991) , with minor modifications (Baron-Delage et al, 1994) .
Ultrastructural and histological analyses
Monolayers of PC cells were processed for electron microscopy, as previously described (Chastre et al, 1993) . The histology of the tumours in nude mice and liver or lung was analysed after fixation in 4% formaldehyde, paraffin embedding and staining with haemoxylin phloxin safran or periodic acid-Schiff.
Tumorigenicity in nude mice
Exponential cultures of PC cells and their derivatives were harvested using trypsinlEDTA and resuspended in phosphatebuffered saline (PBS). An inoculum of 107 cells in 100 ,ul of PBS was then injected subcutaneously in the flank of female 4-weekold athymic nude mice. Tumour formation was assessed twice a month. The tumour volume was monitored by three-dimensional calliper rule measurements.
In vitro invasion assays
Aggregates, cell suspensions or monolayer fragments from PC cells and their derivatives were confronted with precultured heart fragments from 9-day-old embryonic chick on top of semisolid agar medium. For evaluation of invasiveness, the interaction of the confronting human cells with the heart tissue was classified as grades 0 to IV, as previously described (Bracke et al, 1984) .
As described by Vakaet et al (1991) , 10-cm2 wells were filled with 1.2 ml of a neutralized collagen G (type 1) solution (Seromed, Biochrom, Berlin, Germany) and incubated overnight at 37°C to allow gellification. Cells were harvested with trypsin/ EDTA and seeded on top of the collagen gels at a density of 105 cells ml-' in 5 ml of culture medium. Cultures were then incubated at 37°C for 24-48 h and the depth of cell migration inside the gel was measured using an inverted microscope controlled by a computer-guided fine focus knob. Deep and superficial cells were counted in ten fields of 0.37 m m3 (0.157 mm2). The invasion index was expressed as the percentage of cells invaded into the gel over the total number of cells. An invasive index higher than 10% designated highly invasive cells Vlemincckx et al, 1991 (1997) 75(2), [241] [242] [243] [244] [245] [246] [247] [248] [249] [250] Src, PyMT and progression of FAP human colonic cells 243 through a 1 % agarose -2.2 M formaldehyde gel, transferred onto nylon membranes (Hybond N+, Amersham, UK) and UV-crosslinked (Stratalinker; Stratagene, CA, USA). The cDNA probes were: the chicken src cDNA corresponding to the 1.6-kb BgII fragment isolated from pLJ-C-Py; the Py-MT cDNA isolated from pHO6MTl by BamHI (5.2-kb fragment); the 1.5-kb human elongation factor-l cDNA isolated by PstI from the hEF1 plasmid was used as internal standard to assess the equality of the RNA loading.
Expression of the HGF gene by RT-PCR and Southern blot For RT-PCR analysis, RNA samples (2 gg) were reverse transcribed for 60 min at 37°C, using 200 U of Moloney murine leukaemia virus reverse transcriptase (Gibco BRL, France). The amplification consisted of 28-30 cycles (HGF) or 20-22 cycles (GAPDH) of denaturation for 30s at 94°C, annealing for 1 min at 58°C and a 2-min extension at 72°C in an automated thermal cycler (Techne, France). The reaction was initiated by a 5-min incubation at 94°C and ended after a 7-min extension at 72°C. PCR products were run on 1.5% agarose gels stained with ethidium bromide. For Southern analysis, PCR products were transferred to Hybond N+ membranes by alkali blotting and hybridized overnight with the internal probes end-labelled with [fy2P]ATP. The amplification of the cDNA fragment extending from the K3 domain (exon VIII) to the 5' portion of HGF b chain (exon XV) sequence (Miyazawa et al, 1991) was performed using the sense primer 5' GGAATGGAATTCCATGTCAGCGTT-3' (nucleotides 962-985) and antisense primer 5'-TCAAGTCTCGAGAAGGGAAACA-3' (nucleotides 1603-1624) . The expected size of the PCR product was 663 bp. The sequence of the corresponding internal probe was 5'-TGGGAACCAGATGCAAGTAAGCTG-3' (nucleotides 1403-1425).
Immunoprecipitation, kinase assay and Western blot pp6Osrc and Py-MT Methods for cell lysis, immunoprecipitation, kinase assays and Western blotting of the pp605 proteins have been described previously (Coutneidge and Heber, 1987) . Cell lysates (100-200 gg of protein) were incubated for 60 min with either the monoclonal antibodies 327, which recognizes both human and chicken src, or ECIO specific for avian src, PAb a3C3 specific for the Py-MT antigen, or the rat anti-cstl antiserum directed against the carboxyterminal peptide shared by the src family kinases. For the immunoprecipitations, 20 ,ul of S. aureus (coated with rabbit anti-mouse IgGs for the MAbs) was then added for a further 30-min incubation. As a negative control, immunoprecipitations were performed using normal mouse IgG or rabbit serum.
Kinase assays were performed for 10 min at 30°C in 20 ml of 20 mM Hepes buffer (pH 7.2) containing 10 mm manganese chloride 1 tM ATP, 10 tCi [y32P]ATP (5000 Ci mmol-', Amersham) and 1.25 gg of heated and acid-denatured enolase. In order to evaluate the relative amount of src protein in immunoprecipitates, duplicate samples were analysed by Western blotting. For the Western blots, total proteins or immunoprecipitates were submitted to electrophoresis in a 9% polyacrylamide gel and blotted to nitrocellulose membranes (Hybond-C extra, Amersham). Following two rinses in PBS for 5 min, the nitrocellulose was probed for 2 h with either the monoclonal antibodies MAb327 or PAb762 directed against the Py antigens and revealed by enhanced chemiluminescence Western detection system (ECL, Amersham).
Met
Cell lysates were spun at 15 000 x g for 15 min, and the supernatants were immunoprecipitated after 2 h incubation with the MAb DO-24 directed against the extracellular domain of Met and 1 h incubation with protein A-Sepharose (Pharmacia, Uppsala, Sweden). The immunoprecipitates were then washed with the lysis buffer, denaturated by boiling in reducing sodium dodecyl sulphate (SDS) sample buffer and subjected to 7.5% SDS-polyacrylamide gel electrophoresis (SDS-PAGE).
In order to examine the tyrosine phosphorylation and the relative abundance of the Met receptor in parental and transfected PC cells, the same nitrocellulose-transferred proteins were first probed with the anti-phosphotyrosine antibodies MAb 05-321 (Upstate Biotechnology, NY, USA), stripped, and then incubated with the anti-Met MAb DL21. The phosphorylation level of Met is representative of its tyrosine kinase activity (Naldini et al, 1992) . The relative abundance of the Met protein was also analysed on Western blots using whole-cell extracts and quantified by scanning densitometry of the radiographic films. For the HGF-induced activation of Met, the parental and transfected PC cells were starved of fetal calf serum for 17 h and then incubated in the presence or absence of HGF (500 U ml').
E-cadherin, a-and /3-catenin, p 120CaS and APC Whole-cell extracts were prepared in SDS sample buffer. Equal amounts of proteins were separated on a 7.5% SDS-PAGE gel and blotted to a PVDF membrane (Millipore, MA, USA). The following mouse IgGl MAbs were used: Ab-1, directed to the N-terminal 29 amino acids of the APC protein (Oncogene Science, NY, USA); HECD-1, against E-cadherin (Takara Biomedicals, Otsu, Japan); anti-pp 120, against p1 20'a5 (Transduction Laboratories, Kentucky, USA); PY20 anti P-Tyr (ICN, Ohio, USA), and two rabbit PAbs against a-and P-catenins specific peptides. Signals were visualized with anti-mouse IgG or anti-rabbit IgG alkaline phosphataseconjugated IgG (Sigma, MO, USA) or with anti-mouse IgG biotinylated Ig (Amersham, UK), followed by streptavidin-horseradish peroxidase (HRP, Amersham). The HRP signal was visualized with the ECL system (Amersham).
For immunoprecipitation of E-cadherin and associated proteins, cells were labelled for 3 h with 125 gCi [35S] methionine per 25-cm2 flask and washed twice with PBS containing Ca2+ and Mg2+ and lysed with 300 ,ul of lysis buffer containing 0.5% Nonidet P-40, 10 mM Pefabloc SC (Merck, Germany), 0.5 ,ug ml-' leupeptin in PBS with Ca2+ and Mg2+. The lysates were cleared and adjusted to equal amounts of TCA-precipitable c.p.m. per volume. Up to 1 ,ug of HECD-I Ab was used per aliquot for 3 h at 4°C. Immunoprecipitates were collected using protein G-Sepharose (Pharmacia) and separated on a 7.5% SDS gel. Treatment of the PC cells with HGF (10 U ml') was done for 24 h. Before lysis, cells were treated with 1 mM sodium vanadate and 2 mm hydrogen peroxide for 10 min. In each experiment, equal amounts of proteins were compared. E-cadherin and associated proteins in the lysates were immunoprecipitated with the MAbs HECD-1 or anti-pp 120. After centrifugation, the immunocomplexes were washed, boiled with SDS sample buffer, separated on a 7.5% SDS gel and blotted to a PVDF membrane. The blot was consecutively probed with mouse MAbs against phosphotyrosine (PY20), E-cadherin (HECD-1) or pl20cas (anti-pp 120) . This was British Journal of Cancer (1997) 75(2) Figure IA) . The mutated or native chicken src proteins with an apparent Mr of 60 000 were exclusively identified, respectively, in the transfected PCmsrc and PCPy/c-src cell lines (lanes 6 and 12).
In order to confirm the functional activity of the chicken src transgene in the PCm-src and PCPy/c-src cell lines, src kinase activity was assayed in the ECIO immunoprecipitates, using enolase as exogeneous substrate ( Figure 1B) . The phosphorylated enolase was identified as a major autoradiographic band with an apparent Mr of 40 000 (lanes 6 and 12). In these samples, a minor band of Mr 60 000 corresponding to autophosphorylated chicken src was also detected (data not shown).
The expression of the Py-MT and/or Py-LT oncogenes was assessed by Western blot analysis using the MAb PAb762. As shown in Figure IC , the 55-kDa Py-MT antigen was detected in the PCMT, PCPy and PCPy/c-src cell lines (lanes 8, 10 and 12 respectively). As expected, an additional band with apparent Mr 100 000 corresponding to Py-LT was observed in PC cells transfected by the Py early region (lanes 10 and 12) .
To delineate the consequences of the insertions of the transgenes on the overall pp6Osrc activity, human and chicken src were immunoprecipitated using the MAb327, followed by kinase assay ( Figure ID) . Total src tyrosine kinase activity was markedly increased in the PCm-src and PCPy/c-src cell lines transfected by wild-type or mutated chicken src (lanes 6 and 12), compared with parental and control PCvect cells (lanes 2 and 4) or epithelial crypts isolated from normal human colon mucosa (data not shown). In contrast, src activity was not enhanced in PC cells transfected by Py-MT (lane 8) or the Py early region (lane 10). This observation is not related to a preferential interaction of the Py-MT antigen with the human pp62c-Yes or pp59c-fn tyrosine kinases, as a kinase assay using the antibody acstl, which recognizes src, yes and fyn, did not reveal any increase in tyrosine kinase activity in PC cells transfected by the Py early region or MT alone (data not shown). The interaction between Py-MT antigen and src was therefore investigated in the transfected PCMT and PCPy/c-src cells after immunoprecipitation kinase assay (Figure  2 ), using the src MAb 327 (lanes 1-6) and the Py-MT PAb a3C3 (lanes 7-8). The Py-MT antigen (Mr 55 000) was found to be phosphorylated and associated with pp6Osrc in src immunoprecipitates Status of p21 ras, cell proliferation and differentiation As the p21ras protein is another downstream effector of src and Py-MT, we analysed the GDP/GTP ratio on ras in the parental PC cells and their derivatives. We observed that PC cells exhibited a high proportion of GTP bound to p2lras (49%), because this cell line harbours a substitution of the Gly-12 residue for a valine in one allele of the Ki-ras gene (Farr et al, 1988; Chastre et al, 1993) . This constitutive activation of mutated Ki-ras in PC cells was not further increased after the insertion of the oncogenes (data not shown), and compares with the proportion of GTP bound to p2 lras (45-48%) observed in Caco-2 cells transfected by oncogenic ras (Baron-Delage et al, 1994) . The doubling time of the transfected PC cell lines (40 h) was similar to that observed in the parental cells: 38-40 h for the PCm-src, PCPy and PCPy/c-src cell lines, or slightly higher in PCMT cells (47 h).
The oncogene-transfected PC cells did not show striking morphological changes by phase-contrast microscopy. Detailed differences shown by exponentially growing PCm-src cells consisted in the appearance of pseudopod-like structures and ruffling at the cellular membrane, suggesting decreased cell-cell or cell-matrix adhesion properties (data not shown). Transmission electron microscopy showed that the transformation of the highly differentiated PC cell line by src, Py-MT alone or combined with PyLT and small T did not result in loss of epithelial organization or morphological phenotype contrary to our previous observations on ras-and Py-MT-transformed Caco-2 enterocytes (Chastre et al, 1993; Baron-Delage, 1996) . Oncogene-transfected PC cells exhibited typical apical tight junctions and retention of the epithelial polarization. Thus, our results raise the hypothesis that the FAPderived colonic PC cell line and mucinous differentiation exert a dominant control on the oncogenic functions mediated by src, Py-MT and -LT regarding cell proliferation and differentiation.
Introduction of src and polyoma virus oncogenes induce tumorigenicity in nude mice Following the introduction of 107 cells into nude mice, the parental PC cell line did not produce any tumour 1 year after the injections (Figure 3 ). The same observation was made for the control vector cells, PCvect or PCH (data not shown). In contrast, PCMT cells grew very slowly to produce significant tumour formation by 8 months. Thereafter, the PCMT tumours grew at a rapid and relatively uniform rate and reached 1 cm in diameter 1 year after the injections. Tumour incidence of PCMT cells was 77%. In contrast, PC cells transfected by the Py early region alone or combined with c-src formed rapidly progressing tumours characterized by a shorter latency time (2-3 months) in 72-90% of animals. An intermediate situation was observed for the PCmsrc tumours (latency 4 months) observed in 82% of mice.
Histopathological analysis of the xenografts indicated that the oncogene-transfected PC cells produced moderately to welldifferentiated adenocarcinomas. The dysplastic material, classified -MET as human glandular tumours, contained areas of mucosecretion in luminar spaces, as evidenced by periodic acid-Schiff and alcian blue positivity (data not shown). The PCm-src cells produced highly differentiated tumours characterized by an elevated secretion of mucins. HECD-1, resolved on a 7.5% SDS polyacrylamide gel and blotted to a PVDF membrane. The tyrosine-phosphorylated proteins of the cadherin complex were revealed by the MAb PY20 and the ECL system. Control immunoprecipitation was performed without using HECD-1. Migration position of E-cadherin is indicated by the arrow Introduction of mutated src confer the HGF-dependent invasiveness in collagen gels No metastases were histologically evidenced in peritoneal cavity, liver or lungs in nude mice injected subcutaneously with the more aggressive PCPy/c-src cells, as well as the other oncogene-transfected cells. The invasiveness of PC cells and their derivatives was further assessed in invasion assays in vitro that scored cell penetration into three-dimensional collagen matrices and invasion and destruction of embryonic chick heart fragments (Vakaert et al, 1991) . The parental and transfected PC cell lines failed to invade into the collagen gel, like MCF-7/AZ cells, which were used as negative control (Table 1 ). The positive control rat myofibroblastic cells DHD-FIB were invasive in this assay.
Since the paracrine factor HGF secreted by stromal cells acts on the proliferation and the scattering of epithelial cells (Rosen et al, 1994) , we investigated the invasive properties of the parental PC cells and their derivatives in the presence of HGF/SF. As shown in Table 1 , PCmsrc cells became invasive into collagen gels after HGF treatment. In contrast, PCMT and PCPy/c-src cells remained non-invasive. These results indicate that HGF/SF alone is not sufficient to confer the invasive phenotype to PC cells, but that it cooperates with the activated pp6Osrc transduction pathway to induce invasion in PCmsrc. Nevertheless, the absence of response of the other cell lines to HGF is not related to a dysfunction of the HGF receptor Met, since the treatment of the parental and oncogene-transfected PC cells is associated with tyrosine phosphorylation of the Met receptor, corresponding to its activation (data not shown). The parental PC cells and their derivatives were also tested for their invasiveness using embryonic chick heart fragments (Table 1) . Invasion occurred in only a few cultures and was limited to the presence of a few cells inside the chick heart. Addition of HGF in this assay had no effect on the invasion properties of PC cell lines (data not shown).
Met and HGF expression in parental and transfected PC cells
In order to explain the differential responses to HGF observed in the collagen invasion assay for the PCmsrc and PCPy/c-src cells, we analysed the relative expression of the HGF receptor Met. A significant four-fold increase (P<0.01, n=8 experiments) of the Met protein accumulation was observed in PCm-src cells and the other transfected PC cells (2-to 2.6-fold). Lysates from cells treated or untreated by 10 U ml-1 HGF for 24 h were immunoprecipitated with the antibodies HECD-1 (directed to E-cadherin) or anti-pp 120, resolved on a 7.5% SDS polyacrylamide gel and blotted to a PVDF membrane. (A) The Ecadherin protein and the p120cas isoforms were detected by HECD-1 and antippl20 respectively. (B) The tyrosine phosphorylated proteins of the cadherin and p1 20as complex were revealed by the MAb PY20 and the ECL system. Control immunoprecipitations in PCm-src (negative control) were performed in the absence of HECD-1 or anti-p120 antibodies
Western blot of the p145 and p170 forms of the HGF receptor identified after immunoprecipitation. Similar results were obtained by direct Western blot. The overexpression of Met may result from transcriptional or translational deregulation owing to the activation of the src and Py-MT transduction pathways. However, another possibility arises from two recent studies suggesting that: (I) the HGF response is autoamplified by inducing the MET receptor gene (Boccaccio et al, 1994) ; (2) autocrine activation of the Met receptor was observed in human osteosarcoma and lung carcinoma cells secreting HGF (Tsao et al, 1993) . Consequently, we analysed by RT-PCR analysis and Southern blotting whether the enhanced expression of the Met oncoprotein in oncogene-transfected PC cell lines is related to endogenous HGF. In parental and oncogenetransfected PC cells, clear signals for HGF transcript were seen (PCR product = 663 bp) as well as in Caco-2 and HT-29 human colonic adenocarcinoma cells and colonic crypts isolated from a
Expression of APC, E-cadherin and associated proteins
The FAP-derived PC cell line and derivatives, PCmsrc and PCPy/ c-src, were analysed for APC protein expression. In agreement with the literature, a truncated APC protein was detected in the PC cell line. There were no apparent differences in APC expression among the three PC cell lines (data not shown).
Upon immunoprecipitation with an E-cadherin-specific MAb, all PC cells lines analysed expressed the same molecular complex ( Figure 5A ). In association with E-cadherin, one finds o-catenin, P-catenin and other proteins that might comprise plakoglobulin (ycatenin) and the pl20cas isoforms (catenin-related src substrates). Taking into account the variable yields of the immunoprecipitates (as apparent from the non-specific 75-kDa band) and several Western blot experiments using antibodies against E-cadherin or any of the catenins mentioned (data not shown), one may conclude that neither large quantitative nor striking qualitative differences exist for the E-cadherin-catenin complexes in the various PC cell lines. Regarding pl20cas, several isoforms were detected in the PC cells, but they were all of the smaller epithelial type (< 120 kDa; Reynolds et al, 1994) . Most of them were found to be poorly associated with the E-cadherin-catenin complex (see also Figure 6A ).
Effect of src and HGF on tyrosine-specific phosphorylation of E-cadherin, p1 20ca8 and associated proteins Parental PC cells were compared to derivative cell lines for tyrosine-specific (Tyr) phosphorylation of molecular elements of the E-cadherin-catenin complexes. As expected, such phosphorylation was particularly evident upon src transformation, with mutated src showing more activity in PCm-src cells than overexpressed normal src in PCPy/c-src cells ( Figure 5B ). Besides strong tyrosine phosphorylation of a 120-kDa band, phosphorylated 97-and 85-kDa bands were obvious too ( Figure 6B ). Reprobing the blot with appropriate antibodies indicated comigration of the 120-kDa band with E-cadherin, of the 97-kDa band with one of the 120cas isoforms, and of the 85-kDa band with 1-catenin.
In the next experiment; the effect of HGF on Tyr phosphorylation of E-cadherin and catenins in parental PC vs PCm-src cells was assessed. As shown in Figure 6B , 24 h treatment with HGF did enhance slightly the Tyr phosphorylation of the tentative Ecadherin band in PCm-src cells (arrowed 120-kDa band), whereas the lower bands were either dephosphorylated or dissociated from the E-cadherin complex. The observed increase of phosphorylation was not caused by increased protein level, as the same blot showed slightly less E-cadherin upon probing with an Ecadherin-specific antibody ( Figure 6A ). Immunoprecipitation with MAb anti-ppl20cas showed no 120-kDa band when blotted with the same antibodies ( Figure 6A ), whereas blotting with antiphosphotyrosine antibodies yielded a 120-kDa band in the PCmsrc lane ( Figure 6B ). It is likely that this band represents E-cadherin coprecipitating with pl20cas (Reynolds et al, 1994) and phosphorylated on Tyr residues by src activity. Tyrosine phosphorylation of the p120cas isoforms was already observed in parental PC cells and apparently was not much influenced by additional src activity in PCm-src cells. Genetic alterations representative of the early stages of human colorectal carcinogenesis, including truncating mutant APC and activated Ki-rcas genes, were previously identified in the recipient adenomatous cell line and were confirmed in the present study (Farr et al, 1988; Smith et al, 1993) . These alterations already occurred in early stages, e.g. dysplastic adenomas and colitisassociated neoplasia (Redson et al, 1995) . The inherited APC inactivation combined with oncogenic ras in PC cells did not induce tumorigenicity in the nude mice. This progression was accomplished upon introduction of either Py-MT, mutated src, the Py early region alone or combined with c-src. Since p2 I ras, one of the downstream effectors of src, is not further activated in oncogenetransfected PC cells, one can postulate a crucial role for ras-independent pathways in the src-and Py-MT-induced neoplastic progression. In this context, the contribution of several oncogenic events has been hypothesized to be required for the formation of a malignant tumour, and these arise from benign tumours, which also require genetic mutations. The adenoma-to-carcinoma conversion is associated with Met overexpression in all the oncogene-transfected PC cells. Recent observations indicate that transfection of MET in NIH 3T3 fibroblasts promotes colony formation in soft agar in the presence of HGF (Giordano et al, 1993) . Our results, therefore, provide a new hypothesis related to a connection between activation of the srclPy-MT oncogenic pathways and the frequent overexpression of Met observed in human gastrointestinal tumours (Di Renzo et al, 1995) . As HGF was recently shown to exert autoinduction on the transcription of MET, one might predict that src and PyMT exert similar actions via the response elements, API and etsl, or other regulatory sequences identified in the MET-promoter region . Py-MT alone induced low tumorigenic potential in PCMT cells with long latency periods, compared with PCm-src cells. Consistent with our interpretation that the src pathway is not fully activated by Py-MT in human colonic epithelial cells, only a small fraction of the viral middle T antigen was previously shown to be associated with an equally small fraction of pp6Os,t (Courtneidge and Heber, 1987) . Moreover, the induction of visceral haemangiomas and cell transformation by Py-MT has been reported in src-null mice (Thomas et al, 1993) . Further studies should identify the src-independent pathways involved in the Py-MT-mediated neoplastic progression of the human colonic epithelial cell lines, Caco-2 and HT-29 (Chastre et al, 1993) , and PC/AA/CI in the present study. The most agressive tumours produced by PCPy or PCPy/c-src cells compare well with the malignant properties of the human colonic Caco-2 cells, which display a low tumorigenic potential in the nude mice (Chastre et al, 1993) .
The invasion potential of the PCm-src cells observed here in collagen gels was revealed after the addition of HGF and correlates with a dramatic increase in pp6osm, tyrosine kinase activity. The levels of the src kinase may therefore play a key role in further progression. Increased expression and activity of c-src has been correlated with human metastases when fresh specimens were analysed (Talamonti et al, 1993) , suggesting that src might be involved at both early and late stages of the neoplastic progression of human colonic epithelia. No studies have yet addressed a potential role for wild type src alone. Such a PC-transfected cell line would provide additional information with respect to the degree of src expression and activity required for tumorigenicity and invasiveness. Indeed, the adenoma-carcinoma transition is induced in the PC cell line by a mutated c-src, although src activation in human colon cancer is related to upstream molecular mechanisms and is not the result of mutation. Thus, HGF may further increase pp60s-activity or activate another HGF-dependent pathway. In this connection, this report is the first description of a possible cooperation between activated src and Met receptor/ HGF pathways in cell invasion. Invasiveness was not induced by HGF in the PCMT and PCPy/c-src cells, suggesting that Py-MT is not sufficient to confer the HGF-dependent invasive potential. The presence of phosphorylated P13-kinase in the Py-MT and src immunoprecipitates from PCMT and PCPy/c-src cells also indicates that the other effector systems of Py-MT, including the P13 kinase, do not cooperate with the HGF/Met pathways to induce the invasive phenotype in Py-MT-transfected cells. Oncogenic src was previously shown to modulate many effector systems involved in cell invasion and motility, namely cell-cell contacts, cell-matrix interactions and proteases, e.g. transin, cathepsin and urokinase plasminogen activator (Gal and Gottesman, 1986; Bell et al, 1993) . For example, v-src regulates the expression of integrins and extracellular matrix components, which play a major role in Met receptor signalling and HGF bioavailability (Plantefaber and Hynes, 1989; Santos et al, 1993) . These mechanisms might be involved in the cascade of regulations that link src and the HGFdependent invasiveness of PCm-src cells. Activation of src or Met promotes invasiveness through the destabilization of intercellular junctions, e.g. integrins-FAK and cadherins-catenin adhesion complexes (Guan and Shalloway, 1992) .
We found no evidence for loss of cadherin function, regarding cell-cell adhesion and retention of epithelial polarization and formation of apical tight junctions in oncogene-transfected PC cells. E-cadherin-mediated cell adhesion is negatively regulated by phosphorylation of catenins or via other proteins that bind the cytoplasmic domain of cadherin molecules and link them to the cytoskeleton (Ozawa et al, 1989; Rubinfield et al, 1993) . The Ecadherins-catenin complex proteins are major constituents of the adherens junctions that are regulated by mitogenic and oncogenic signals. We have shown here that activated src triggers prominent Tyr phosphorylation of a 120-kDa protein, tentatively E-cadherin, which was further enhanced after HGF treatment. In contrast, tyrosine phosphorylation of either pl20^'ZX isoforms or catenins does not seem to play a major role in src-and HGF-induced progression in PC cell lines. Our data on PCm-src cells suggest that E-cadherin serves as both src and Met substrate. It is therefore tempting to propose the HGF-increased Tyr phosphorylation of E-cadherin as causally related to the HGF-induced invasiveness of PCm-src cells into collagen gels. Taken together, this may indicate a convergence between activated src and Met pathways at the level of cadherin phosphorylation or intracellular mechanisms regulating cell invasion and mobility. Another interesting finding concerns the identification of HGF transcripts in the adenomatous PC cells and their derivatives as well as in Caco-2 and HT-29 cell lines. Our results raised the potential implication of autocrine and paracrine loops between HGF and Met during the progression of human colorectal cancers. However, the invasive potential of PCm-src in collagen gels was apparent only after the addition of biologically active HGF, suggesting that endogenous HGF was synthesized at low levels or remained as immature pro-HGF.
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In conclusion, we have shown that the src, Py-MT and -LT oncogenes induced different grades of tumorigenicity in the human colonic PC/AA/C I cell line. Sustained activation of the src and HGF/Met receptor pathways in transfected PCm-src cells induced invasiveness. A potential role of the src and HGF/ Met oncogenes at early and late stages of the cancerous transformation is therefore proposed. To our knowledge, the HGF-dependent invasion by PCm-src cells is the first example of human colonic epithelial cells capable of invading collagen gels. This model should help (1) to identify differentially expressed messages at crucial transitions, including genes which are transcriptionally induced or suppressed by src and HGF/Met; (2) to study pharmacological agents, molecular or genetic elements controlling the growth and invasion of the oncogene-transfected PC cells.
